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The widely distributed EeW-trending magnetic anomaly stripes in the central basin and the NeE-
trending magnetic anomaly stripes in the southwest sub-basin provide the most important evidence for
Neogene expansion of the South China Sea. The expansion mechanism remains, however, controversial
because of the lack of direct drilling data, non-systematic marine magnetic survey data, and irregular
magnetic anomaly stripes with two obvious directions. For example, researchers have inferred different
ages and episodes of expansion for the central basin and southwest sub-basin. Major controversy centers
on the order of basinal expansion and the mechanism of expansion for the entire South China Sea basin.
This study attempts to constrain these problems from a comprehensive analysis of the seaﬂoor topog-
raphy, magnetic anomaly stripes, regional aeromagnetic data, satellite gravity, and submarine geo-
thermics. The mapped seaﬂoor terrain shows that the central basin is a north-south rectangle that is
relatively shallow with many seamounts, whereas the southwest sub-basin is wide in northeast, grad-
ually narrows to the southwest, and is relatively deeper with fewer seamounts. Many magnetic anomaly
stripes are present in the central basin with variable dimensions and directions that are dominantly EW-
trending, followed by the NE-, NW- and NS-trending. Conversely such stripes are few in the southwest
sub-basin and mainly NE-trending. Regional magnetic data suggest that the NW-trending Ailaoshan-Red
River fault extends into the South China Sea, links with the central fault zone in the South China Sea,
which extends further southward to Reed Tablemount. Satellite gravity data show that both the central
basin and southwest sub-basin are composed of oceanic crust. The Changlong seamount is particularly
visible in the southwest sub-basin and extends eastward to the Zhenbei seamount. Also a low gravity
anomaly zone coincides with the central fault zone in the sub-basin. The submarine geothermic dis-
tribution demonstrates that the southwest sub-basin has a higher geothermal value than the central
basin, and that the central fault zone is deﬁned by a low thermal anomaly. This study suggests that NW
eSE expansion of the southwest subbasin is later than the NeS expansion of the central basin with the
sub-basin extending into the central basin and with both expansions ending at the same time. The
expansion of southwestern sub-basin, similar to the Japanese Sea, is likely caused by left-lateral strike
slip on the central fault zone in the South China Sea, which may have signiﬁcance for ﬁnding oil and gas
in this region.
 2016, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).of Geosciences (Beijing).
eijing) and Peking University. Produ
c-nd/4.0/).1. Introduction
The South China Sea (SCS), consisting primarily of the central
basin and southwest and northwest sub-basins, has experienced a
complicated process of formation and evolution (Karig, 1971, 1973;
Uyeda et al., 1979; Liu et al., 1982; Chen,1987;Wang et al., 1987; Jin,ction and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
X. Yu et al. / Geoscience Frontiers 8 (2017) 151e1621521989a,b; Chen and Lin, 1997; Zhang et al., 2001; Gao and Li, 2002;
Liu et al., 2002; Yao et al., 2006) (Fig. 1a). Since the discovery of
magnetic anomaly stripes in this region that are similar to those in
oceanic basins elsewhere, there have been many studies on their
formation and evolution. For example, Avraham and Uyeda (1973)
ﬁrst recognized the EeW magnetic stripes in the SCS and put for-
ward a three-stage model for its expansion and evolution. Through
Sino-US cooperation, comprehensive investigations were con-
ducted twice in this region involving bathymetry, geology and
geophysics (Yao et al., 1994a,b). Based on magnetic data, Taylor and
Hayes (1980, 1983) identiﬁed the EeW-striking magnetic anomaly
number 5D-11 in the central basin, and they suggested that the
abyssal plain in the SCS was formed by seaﬂoor spreading during
Oligocene to early Miocene (32e17 Ma) by symmetric expansion.
Thus the plain’s northern edge is a passive continental margin and
the residual expansion center is located near 15N, which is
consistent with the apparent EeW chain of seamounts (Huangyan
Seamount, Zhenbei Seamount). Most Chinese scholars agree with
the above discourse of serial numbered magnetic stripes and ocean
expansion. However, from forward modeling of aeromagnetic data,
Zhou et al. (1996) argued that the numbers of EeW trending
magnetic anomaly stripes of the central basin are numbers 7 to 11
with late Oligocene ages of 25.1e32.3 Ma.
More complex magnetic anomaly stripes in the southwest sub-
basin are generally interpreted also to be the result of seaﬂoor
spreading. However, different scholars have identiﬁed the stripe
numbers by different methods, yielding highly variable ages of
spreading, which are summarized below. (1) Earlier than the central
basin: He (1987), anomaly numbers M11eM8, formation age of
126e120 Ma; Jin (1989a,b), anomaly numbers 32e17, formation age
of 70e63 Ma; and Yao et al. (1994a,b), anomaly numbers 18e13,
formation age of 42e35 Ma; (2) synchronous with the central basin:
Ru and Pigott (1986), anomaly numbers 5D-11, formation age of
32e17 Ma; (3) later than the central basin: Jin (1989a,b), anomalyFigure 1. Regional setting and structural outline of the South China Sea. (a) Regional setting
BeQiongbei-Zhuwai-Taiwan Strait fault zone; Cewest-edge fault; DeTingjia fault; EeNan
IIeXisha Island; IIIeZhongsha Island; IVeReed Tablemount; VeNansha Island; 1eTaiqiongnumbers 5c-6c, formation age of 23e16 Ma; Jin (1989a,b), anomaly
numbers 5be6a, formation age of 15e11.8Ma; and Zhou et al. (1996),
anomaly numbers 5De6B, formation age of 17.4e24.8Ma. Zhou et al.
(1996) suggested also that the expansion of the southwest sub-basin
and central basin ended at the same time. It seems that the expansion
order of the two basins is the key to understanding the tectonic
evolutionof the SCS. Further, it is very important to determine the age
of the crust of the southwest sub-basin to understand itsmechanism
of formation and evolution,whichwill have a direct impact onoil and
gas exploration in this region.
There are also many different ideas on the expansion mode of
the SCS (Yao et al., 1999; Deng et al., 2006; Luan and Zhang, 2009).
Some studies have suggested that the continental margin of the SCS
is of the Atlantic type, i.e. an inactive continental margin formed by
seaﬂoor spreading with a complete ocean crust (Taylor and Hayes,
1983; He, 1987; Lu, 1987; Yao et al., 1994a,b). Other studies have
argued that the India-Eurasia collision caused the Eurasian plate to
extrude on a large scale, resulting in strike-slip along the
Ailaoshan-Red River fault during the late Oligocene and early
Miocene, as well as the pull-apart process farther southeast of the
SCS (Tapponnier et al., 1982; Tapponnier et al., 1986; Briais et al.,
1993; Xie et al., 2005). On the other hand, some researchers have
proposed that the SCS was formed by upper crustal rifting associ-
ated with a mantle plume (Huang, 1986; Tamaki and Home, 1991;
Wang et al., 1995; Gong et al., 1997). Chinese geologists have sug-
gested that the stress ﬁeld in the SCS continental margin changed
from compression to extension as the mantle spread slowly toward
the ocean during Cenozoic time. Due to the faulting process, the
continental margin began to break, disintegrate and spread into the
ocean. Thus the continental graben system in the northern SCS was
created by Cenozoic multidirectional multistage seaﬂoor spreading
(Chen, 1988, 1997; Honra, 1995). A recent study opined that the SCS
has experienced extension, rifting and seaﬂoor expansion with the
extension resulting mainly from the pulling force of southwardof the South China Sea; (b) structural outline of the South China Sea. AeRed River fault;
kai trough subduction zone; FeManila trench subduction zone; IeDongsha Island;
block; 2eZhongxisha block; 3eNansha block.
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(Luan and Zhang, 2009). Luan and Zhang (2009) also inferred that
the collision and indentation of the Indian continent into Eurasia
and the subduction of the Paciﬁc seaﬂoor in the east combined to
produce the southward and southeastward mantle ﬂow, which
promoted the stretching and expansion of the SCS. Meanwhile, the
extrusion of the Indochina block played an important role in the
expansion of the western SCS by causing the SCS spreading axis to
rotate and jump. Therefore, the formation of the SCS is the result of
northeastward expansion by multiple factors (Luan and Zhang,
2009).
All the points of viewmentioned above agree that both basins of
the SCS resulted from the same expansion mechanism with dif-
ferences only in its timing and direction. Such agreement seems,
however, unconvincing. We doubt that there was a distinct second
timing for expansion of the southwest sub-basin. To address this
issue, this paper presents a systematic comparison and compre-
hensive analysis of the features of the both basins of the SCS,
including the seaﬂoor topography, regional aeromagnetic anoma-
lies, paleomagnetism, satellite gravity anomalies, and submarine
geothermal distribution. The purpose is to provide more compre-
hensive constraints for understanding the timing and mechanism
of expansion of the SCS, and thereby, to propose a new expansion
mode and expansion mechanism for the SCS. This will be very
useful in the oil and gas exploration of this region.
2. Regional geological setting
The SCS is a marginal sea in the westernmost Paciﬁc Ocean with
an area of approximately 300  104 km2 and it is located in the
juncture between the Eurasian, Paciﬁc, and Indian oceanic plates
(Fig. 1a). The SCS can be divided into the central basin and the
southwest and northwest sub-basins.
The SCS is conﬁned by several faults of differing types that cut
through the lithosphere (Houtz and Hayes, 1984; Zhang et al., 1997;
Nakamura et al., 1998; Wan, 2004, Wan et al., 2005, 2006) (Fig. 1b).
The northern edge of the SCS is a rifted continental margin that is
separated from the South China block by a series of step-like
detachment faults. These faults such as the Qiongbei-Zhuwai-
Taiwan Strait fault zone separate tectonic belts of uplift and
depression. The western margin of the SCS is bounded by the west-
edge fault next to the Indo-China plate where shear faulting in-
dicates a strike-slip and extensional margin. The southernmargin is
the Lupaer-Wujimixin-Sababei suture zone. It is a complex
accretion-fold belt that experienced many convergence events and
developed a series of overthrust imbrications from south to north
that are typical of a compressive or convergent continental margin.
The eastern margin connects the Taiwan-Luzon arc through the
Manila trench as a modern active island arc that was formed by the
eastward subduction of the SCS basin with subduction-type fault-
ing. Most scholars consider the continental margin of the SCS to be
an Atlantic-type inactive continental margin that was formed by
seaﬂoor spreading with the base of the basin being completely
oceanic crust (Houtz and Hayes, 1984).
Within the SCS, both vertical and transverse velocity structures
of the lithosphere exhibit signiﬁcant changes (Wan et al., 2006).
The central basin has features of an oceanic lithosphere in its ve-
locity structure that delineate three layers (Ludwig et al., 1979; He
and Yao, 1983). The speed and thickness of the top layer are
1.5e3.6 km/s and 0.24e2.59 km, respectively, with the layer
gradually thinning from the basin’s edge to its interior. The second
of middle layer has a velocity of 4.3e6.4 km/s (average 5.34 km/s)
and a thickness of 2 km or so, which is about the same in general as
most marginal seas. The third or bottom layer has a speed of
6.5e7.4 km/s (average 6.93 km/s) with an average thickness of2.9 km. This layer is thinner than found for normal oceanic litho-
sphere, probably because of the younger age of the SCS basin. The
overall thickness of the crust in the basin is 4.4e7.91 km (4.9 km on
average) and it is thicker at the basin margin than in the center.
Two-ship seismic experiments (Expanded Spread Proﬁle (ESP)
and Ocean Bottom Seismograph (OBS)) have shown the crust of the
Taiqiong block in the northern margin of the SCS to have upper and
lower layers in velocity structure. The average speed of the upper
layer is 5.8 km/s with a thickness of only 3.4e5.0 km, whereas the
lower layer has a speed of 6.8 km/s and a thickness of 15e19 km
(Hayes et al., 1995; Nakamura et al., 1998; Yao, 1998a,b; Qiu et al.,
2001; Yan et al., 2001). The ESP seismic experiments showed that
the crust of the Zhongxisha block on the western margin of the
basin also has upper and lower layers in velocity structure. The
velocity and thickness of the upper crust are 5.7e6.02 km/s
(6.0 km/s on average) and 16 km, respectively, while the lower crust
has a velocity of 6.6 km/s on average and a thickness of about 6 km.
Thus the thickness of the upper crust in this block is more than
twice that of the lower crust, which is signiﬁcantly different from
the Taiqiong block whose upper layer is much thinner than its
lower layer. The crustal structure of the Nansha block is relatively
complex. Its velocity structure in the northeast region of the Zen-
gmu basinwas obtained by sonobuoy and shows that the speed and
thickness of the upper crust, except for the sedimentary layer, are
5.1 km/s on average and about 3 km, respectively (Wan, 2002). The
velocity of part of the lower crust has been determined to be
6.73 km/s, which is between granite (6.3 km/s) and basalt (7.1 km/
s). This 5.1 km/s is indicative of the crust of a non-granitic type
basin, which suggests that a granite crust may not be present in
some areas of the Zengmu basin (Wan, 2004).
3. Seaﬂoor topography
The central basin of the SCS generally refers to the vast region
between 115300E eastward to the Manila Trench and 12300N to
18300N that has a water depth of mostly 4000 m or less. This basin
is roughly rectangular with widths of 700 km and 370 km in NeS
and SE directions, respectively, and covers an area of nearly
2.6 105 km2. The bottom of the basin is fairly ﬂat with seamounts,
sea knolls and depressions of varying sizes (Fig. 2). The elongation
direction of the seamounts is mainly in EeW, with the Huangyan
and Zhenbei seamounts at the basin’s center having both being of a
large-scale and a relatively high altitude.
The southwest sub-basin begins at about 112E in the west and
extends to about 115300E in the NE direction with a length of
600 km and a width increasing signiﬁcantly from 160 to 460 km.
Overall the basin looks to be triangular in shape with an area of
nearly 1.8 105 km2. The Zhongsha and Xisha islands are located by
the northwest margin of the basin, and the Nansha islands lie by
the southwest margin. The water depth is between 4000 and
4400 m, which is the deepest part of the SCS Basin. The bottom of
the basin is ﬂat with a few seamounts and sea knolls. The dominant
elongation direction of the seamounts is NE. For example, the
Changlong seamount is about 10 km wide, 300 km long with its
relative height between 700 and 3100 m, making it the most
magniﬁcent seamount in the southwest sub-basin.
Between the central basin and southwest sub-basin from the
northwest end of Reed Tablemount to the southeast end of the
Zhongsha islands, there is a subdued NNW-trending seamount
chain. The chain includes the small Zhenzhu, Longnan, Longbei and
Zhongnan seamounts with relative heights mostly between 500
and 800m, but reaching 1400m at amaximum and 200m or so at a
minimum. This intermittent seamount chain extends for about
330 km and separates the southwest sub-basin from the central
basin.
Figure 2. Topographic map of the South China Sea. Iecentral basin; IIesouthwest sub-
basins; IIIenorthwest sub-basins; 1eZhongsha Island; 2eXisha Island; 3eReed
Tablemount; 4eNansha Island; 5ePenxi oceanic ridge. ①eHuangyan seamount;
②eZhenbei seamount; ③eZhongnan seamount; ④eChanglong seamount;
⑤eLongbei seamount; ⑥eZhongnan nan seamount; ⑦eZhangzhong seamount;
⑧eXiannan seamount; ⑨eXianbei seamount; ⑩eShixing seamount; ⑪eDaimao
seamount.
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that are over 500 m above the seaﬂoor. They include the EeW-
trending Huangyan and NNW-trending Zhongnan seamount chains
near 115E in the central basin and the NE-trending Changlong
seamount chain in the southwest sub-basin. Of these three, the
Huangyan seamount chain is composed of a number of isolated
seamounts with poor continuity. Compared with those in the
central basin, the seamounts in the southwest sub-basin are much
smaller and their sails are relatively small.
4. Magnetic ﬁeld
China Aero Geophysical Survey and Remote Sensing Center for
Land and Resources conducted aeromagnetic surveys in the SCS
during 1994 and 1995, obtaining the most complete and systematic
magnetic data for this region. According to their aeromagnetic DT
contour map, alternative positive and negative linear magnetic
anomaly stripes characterize the SCS (Fig. 3a). In addition to minor
NW, NE, ENE and NeS-trends, the dominant trend of the magnetic
anomalies in central basin is EeW. In contrast, the dominant tread
in the southwestern sub-basin is to the NE with NW directed
stripes locally.
The total number of positive and negative magnetic anomaly
stripes in the central basin is over 50. Generally each stripe consists
of several local anomalies that extend discontinuously with offsets,
which sometimes leads to the apparent connection of positive andnegative linear magnetic anomalies. The amplitudes of the mag-
netic anomaly stripes are highly variable with the positive mag-
netic anomalies ranging from 33 to 434 nT and the negative
magnetic anomalies ranging from 64 to 486 nT. The length extents
of the magnetic anomaly stripes are also highly variable with the
longest extending to 200 km and the shortest only 30 km. Clearly
these magnetic anomaly stripes are very different from those in
normal oceans and record many complicated changes. As shown in
Fig. 3a, the EeW-trending magnetic anomaly stripes with relatively
continuous regular shapes are foundmainly along the southern and
northern edges of the central basin (approximately 12e14N and
16e18N).
In the southwest sub-basin, there are more than 20 positive and
negative magnetic anomaly stripes. These stripes are short and
discontinuous along the sub-basin’s northern and southern sides,
mostly 100 km long or so, except for the negative anomaly belt in
the middle that is relatively evident and continuous. These anom-
alies are mostly less than 120 nT in amplitude with only a few
reaching 175 nT and with an unclear boundary between the posi-
tive and negative anomalies (Fig. 3a). Apparently, the magnetic
anomaly stripes in the southwest sub-basin are more fragmented
and complex than the stripes in the central basin.
Also in the southwest sub-basin, there is a negative anomaly
stripe that extends northeastward starting at 111E, 10N, becomes
clear and continuous after crossing through 113E, 12N, passes
nearby the Zhongnan seamount at 115E, continues on past the
Zhenbei seamount with gradually poorer continuity and decreasing
amplitude, and ﬁnally disappears at 118E. Thus this negative
anomaly belt stretches for nearly 870 km from about 600 km west
of the Zhongnan seamount to about 270 km to its east. When
compared to the bathymetry, this anomaly stripe coincides with
the Changlong seamount in the southwest sub-basin. On the
aeromagnetic DT horizontal gradient modulus map (Fig. 3b), this
negative stripe is very clear. On both sides of this stripe are
distributed a few small-scale, discontinuous magnetic anomaly
stripes that are much smaller than those typically found in the
central basin.
A set of round anomalies with negative rims and positive cores
exists at the southwest starting point of the negative anomaly
stripe in the southwest sub-basin. Their amplitudes reach as high as
419 nT and they extend over an area of 1200 km2 (Fig. 4). These
anomalies are speculated to be the magnetic reﬂection of a large
scale volcanic ediﬁce. Compared to the water depth, these anom-
alies correspond to an unnamed seamount whose top is 1093 m
below the water surface and whose relative height is 2160 m above
the seaﬂoor. This seamount is located along the southwestwards
extension line of the Changlong seamount.
In the deep portion of the SCS, in addition to the positive and
negative alternating striped magnetic anomalies, there are also
relatively isolated or local magnetic anomalies of moderate to
signiﬁcant amplitude (Fig. 4). In the central basin, such anomalies
are mostly in the range of 200e600 nT with areas of more than
over 100 km2. In the southwest sub-basin these anomalies are
generally between 100e200 nT with areas less than 100 km2.
Compared to the water depth, these local anomalies mostly
correspond to seamounts. For example, Huangyan island corre-
sponds to a local 290 nT negative anomaly, and so do the other
seamounts like Daimao, Xianbei, Zhenbei and Zhongnan with
varied intensities.
There exists a complicated NNW-trending magnetic anomaly
zone with area of 300 km  100 km (Fig. 3) between the central
basin and southwest sub-basin from roughly 115 to 110E. The
directions of anomalies in this zone are diverse, exhibiting NE, NW,
EeW and NeS trends and their intensities are also dramatically
different with a maximum of 198 nT and a minimum of 21 nT.
Figure 3. Aeromagnetic DT map of the South China Sea. (a) Aeromagnetic DT contour map of the South China Sea. (b) Aeromagnetic DT horizontal gradient modulus map of the South China Sea.
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Figure 4. Ring-shaped combined anomalies of aeromagnetic DT in the northern
Kangqin beach.
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and a minimum of 7 km  5 km. Dramatic changes occur when the
NE-trending magnetic anomaly stripes extend into this zone. Some
anomalies disappear, whereas others swing to the north, exhibiting
an obvious left-lateral strike slip of about 50 km. Other anomalies
change trend from NE to nearly EeWor from nearly NeS to NE. The
above data indicate that this complicatedmagnetic anomaly zone is
an important magnetic boundary between the central basin and
the southwest sub-basin that separates two distinct patterns of
magnetic anomalies.5. Paleomagnetism
A paleomagnetic study on partial seamounts in the SCS deter-
mined by inversion of the surface magnetic anomaly data that the
seamounts in the central basin around Huangyan island and to its
north have been rotated counterclockwise by different angles (Jin
et al., 2002). The magnetic declinations of seamounts to the north
have relatively large rotations with those of the northernmost
Daimao, Shixingbei and Xianbei reaching 81.6 to 105.3, while
the seamounts to the south are rotated by much smaller amounts
between 7 and 40.7 (Table 1). The Zhongnan, Longnan and
Xiaozhenzhunan seamounts in the vicinity of the Zhongnan
seamount chain have a clockwise rotation whereas Longbei
seamount has no obvious rotation (Table 1). The comparison of the
locations and rotation angles shows that seamounts to the north of
the Changlong seamount and its NE-trending extension line have
been rotated counterclockwise whereas those to the south were
rotated clockwise.6. Gravity ﬁeld
Gravity satellite images can clearly reﬂect primary tectonic fea-
tures and many secondary structural details. Through co-operationwith Leeds University of Great Britain, we have obtained the latest
gravity data from satellite measurements over the SCS and its sur-
rounding regions, and have prepared an isostatic gravity anomaly
map for the central SCS with a grid size of 2 km  2 km (Fig. 5).
The gravity map shows high gravity anomalies in the oceanic
basin and low ones in the surrounding islands, indicating that the
crust of the basin is very thin and characteristic of typical oceanic
crust. In the central basin, the nearly EeW-trending Huangyan
seamount chain, known as a spreading ridge, corresponds to a
local agglomeration of gravity anomalies without obvious
connection. In contrast, there are evident NE-trending negative
anomaly stripes present to the west near Zhenbei seamount. In
the high-gravity background of the southwest sub-basin, there
exist clear NE-trending low-intensity anomaly stripes. They occur
from the vicinity of 11N and 112E in the southwest, passing by
the middle of the Zhongnan seamount near 14N and 115300E,
and on to east of the Zhenbei seamount with a NE-trend and with
an intermittent style of extension. This large-scale NE-trending
low-value gravity anomaly zone is shown clearly on the Bouguer
and isostatic gravity anomaly maps, which agrees well with the
aeromagnetic anomalies and the Changlong seamount’s
topography.
The region in the vicinity of the Zhongnan and Longnan sea-
mounts, located at the boundary between the central basin and
southwest sub-basin, generally presents NNW-trending low values
on the isostatic gravity anomalymap. In this zone, there are isolated
or local high- and low-value anomalies of highly variable size. The
NE-trending low-value anomaly zone along the Changlong
seamount changes remarkably in this zone as the continuity be-
comes poor. Also the extension direction is displaced to the north
by about 45 km from Longnan seamount and the middle of the
Zhongnan seamount to the Zhenbei seamount.
7. Geothermic features
The geothermic distribution map of the SCS (Fig. 6), for the
southwest sub-basin displays high heat ﬂow with values of
100e150 mW/m2 that are distributed generally in a NE-trending
direction. The high-value points are concentrated in the vicinity
of 13N, 112300E. The heat ﬂow values of the central basin are
around 100 mW/m2 with a relatively low rate of change (He et al.,
1998). Thus the heat ﬂow values in the southwest sub-basin are
considerably higher than those in the central basin. The region to
the west of the Zhongnan seamount chain between the central
basin and southwest sub-basin gives heat ﬂow values of less than
80 mW/m2. This region corresponds to the complex magnetic
anomaly zone, the gravity low-value area, and the area of inter-
mittent subdued seamount-chain topography as reﬂected in the
bathymetric data.
Using the cooling plate model (Parsons and John, 1977) and the
heat ﬂow data of the SCS published by the American Lamont-
Doherty Geological Observatory, Jin et al. (2004a,b) calculated the
ages of the eastern and western sides of the southwest sub-basin to
be 18 and 13 Ma, respectively, meaning that the east side is older
than the west side.
8. Discussion
The central basin of the SCS may have formed earlier than the
southwest sub-basin because the former has relatively shallow
water depth as well as more and bigger seamounts in a late stage of
development. The Huangyan seamount chain is considered to be
NeS-directed spreading center in the central basin. However, it is
composed of a number of isolated seamounts with vague conti-
nuity and trend direction that are identiﬁed by isolated high
Table 1
Magnetic inversion results of seamounts in South China Sea basin.
Seamount name Location Modern geomagnetic Paleomagnetic Inclination difference Latitudinal displacement
North latitude East longitude D0 () I0 () J/(A$m1) D () I () DI () Dl ()
DaiMao 17330e17450 116530e117130 1.16 20.48 3.00 81.6 5.6 14.88 7.77
ShiXingBei※ 16510e17040 116080e116240 0.96 18.06 14.97 105.3 3.6 22.20 11.06
XianBei 16270e16480 116240e117030 0.94 18.31 4.84 82.1 1.1 19.41 9.94
ShiXing 16170e16310 116550e116220 0.91 18.01 3.29 7.0 0.5 18.51 9.48
XianNan 15470e16180 116370e116570 0.91 17.83 3.39 169.9 2.7※※ 15.13 7.79
ZhangZhong 15240e15430 115530e116290 0.76 16.01 1.16 38.6 9.2 6.81 3.53
ZhenBei 14500e15180 116120e116540 0.74 15.61 2.71 40.7 5.7 9.91 5.09
HuangYan 14590e15180 116590e117180 0.78 15.76 16.17 19.0 10.0 5.76 2.90
ZhenBeiNan※ 14320e14420 116320e116530 0.76 14.50 2.13 19.5 8.1 5.95 3.06
ZhongNanBei※ 14550e15070 114420e115030 0.66 15.61 1.57 1.7 24.7 9.09 5.00
North of ZhongNan※ 14140e14280 115060e115330 0.56 13.65 2.83 15.3 29.7 16.05 9.00
Middle of ZhongNan※ 13510e14140 115060e115350 0.45 11.87 1.66 15.3 20.3 8.43 4.48
South of ZhongNan※ 13320e13500 115060e115300 0.43 11.65 1.01 56.8 15.1 3.45 1.79
XiaoZhen
ZhuNan※
12040e12190 115490e116070 0.26 8.78 1.39 9.7 23.5 14.63 7.81
Note: Magnetic inversion data are from the Second Institute of Oceanography, State Oceanic Administration and South China Sea Branch (1983), the SecondMarine Geological
Survey Department of Geology and Mineral Resources (1980e1982), and the data for seamount topography and the magnetic anomaly survey of South China Sea seamounts
are from China-France co-operation in 1985 and China-Germany co-operation in 1987. The seamount magnetic inversion method is from Xu et al. (1987), “The application of
the imaginary source method to seamount magnetization inversion”, presented at the 1989 Spring Meeting of American Geophysical Union. Seamount magnetic inversion
accuracy GFR ¼ 2.22e11.89. ※ was determined by Jin et al. (2002). ※※means the reverse magnetization of seamount geomagnetism.
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Therefore, the spreading center is speculated to have suffered sig-
niﬁcant post-tectonic damage. The Changlong seamount, the pu-
tative spreading center of the southwest sub-basin, has a
continuous extension and conspicuous seamount topographic
features that correspond to a low NE-trend on the gravity and
aeromagnetic maps. The strong correlation of these three param-
eters indicates that the Changlong seamount is indeed a spreading
center that strikes NWeSE has a relatively late formation age and
that records almost no tectonic destruction. Also the relative
quantity, scale and integrity of the magnetic anomaly stripes in the
central basin, when compared to the southwest sub-basin, suggests
that spreading in the latter basin was probably insufﬁcient. This
resulted in the small and irregular number of magnetic anomaly
stripes on the both sides of the Changlong seamount that is the
putative spreading ridge.
The combination of gravity and magnetic data shows obviously
that the NE-trending spreading ridge of the southwest sub-basin
extends still further northeastward, although its continuity be-
comes poorer and its scale smaller after entering the central basin.
Thus, the central region of the central basin has some NWeSE
directed expansion. This expansion pushed seamounts on the NW
and SE sides of the NE-trending spreading ridge to migrate in the
NW and SE directions, respectively, with opposite directions of
rotation, which is conﬁrmed by the paleomagnetic measurements
of the partial seamounts in the basin (Jin et al., 2002). Also EeW-
trending magnetic anomaly stripes that were formed during the
early NeS-trending expansion of the central basin, are less
damaged or more complete on the north and south sides of the
margin, while the stripes in themiddle part were damaged severely
by the late NWeSE-trending expansion. Thus the change in
expansion direction is very complex and irregular. In summary, the
expansion of the SCS may be divided into two stages: an early stage
of NeS-trending expansion formed the central basin, and a late
stage of NWeSE expansion formed the southwest sub-basin but
also extended somewhat into the central region of the central ba-
sin. Further, both stages of expansion ended at about the same time.
J.S. Gee and Kent (2007) believed that the genesis of the central
basin (about 29.7  0.3 to 14.9  0.2 Ma) is earlier than the genesis
of the Southwest sub-basin (about 24.0  0.3 to 9.8  0.1 Ma) from
the chron. But from the Aeromagnetic ﬁeld characteristics, thecessation of the central basin and the Southwest sub-basin is the
same time (about 9.8  0.1 Ma).
The satellite isostatic gravity anomaly and magnetic anomaly
maps demonstrate that the spreading ridge of the southwest sub-
basin has already extended to the vicinity of 10N, 111E where
the crust has been thinned remarkably, which is indicative of a
transitional crust. In the magnetic ﬁeld, an obvious spreading
center is present with alternating positive and negative magnetic
anomaly stripes. Also there exists a relatively large-scale ring-
shaped combined anomaly of aeromagnetic DT , which is specu-
lated to be the magnetic reﬂection of a volcanic ediﬁce structure.
This structure is similar to that of Iceland on the mid-Atlantic ridge,
and is inferred to be a hot spot on the spreading ridge of the
southwest sub-basin in the SCS. Given that the ridge might be at its
initial stage of spreading, the continental crust has not been pulled
apart fully yet on a large scale and the depth of the sea is not yet
very deep.
Overall, a NNW-trending subdued seamount chain runs through
between the central basin and southwest sub-basin where
complicated magnetic anomalies are seen on the magnetic ﬁeld
map. These anomalies have profound differences in magnetic
background and extension direction on both the eastern and
western ﬂanks. Coincidentally on the satellite isostatic gravity
anomaly map, this area is dominated by NNW-trending low values
in which isolated high- and low-value anomalies are distributed.
On the geothermal anomaly map, the chain corresponds to a NNW-
trending low-value anomaly zone that is the boundary between
high-heat ﬂow areas on either side of it in the oceanic basin.
Therefore, this subdued seamount chain is a very important indi-
cator of the relationship and differing tectonic directions of the
central basin and southwest sub-basin, and serves as the division
line between the different dynamic expansion mechanisms of the
basins. Previously this seamount chain has been named the “central
fault of the South China Sea basin” and been considered to be a
compressive sinistral transform fault in the ocean crust of the SCS. If
this holds true, then this fault, both ends of which are controlled by
the continental slope, should separate the central basin from the
southwest sub-basin as well as the basins’ processes of formation
and evolution (Tapponnier et al., 1982; Lu, 1987; Wu, 1993).
Considering the large width of this fault, we name it here as the
“central fault zone of the South China Sea basin”.
Figure 5. Satellite isostatic gravity anomaly map for the South China Sea.
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mentioned NNW-trending central fault zone extends northwest-
wards, passing by the Zhongsha, Xisha and southern Hainan
islands, and ﬁnally connects with the famous Ailaoshan-Red River
fault in the southwestern China mainland. A wealth of ﬁeld and
laboratory studies have suggested that Red River fault is a large
shear zone that experienced left-lateral strike slip during the
Cenozoic (Tapponnier et al., 1982; Tapponnier et al., 1986), begin-
ning at 44 Ma ago, moving actively from 38 to 22 Ma or so, and
resulting in a total displacement of about 400 km (He et al., 1998).
As recently as 5 Ma ago, right-lateral strike slip occurred along this
fault. After entering to the sea, it is evident that this fault runs along
the Yinggehai basin southeastwards to the south of Hainan Island.
However, there is no consensus on where or how this fault extends
farther southeastwards in the SCS. In summary, there are threesuggestions. The ﬁrst suggests that the Red River fault zone turns
eastward and connects to the Xisha trough after passing by south of
Hainan island (Zeng, 1991; Yao et al., 1994a,b). The second sug-
gestion considers that the fault zone turns southward and connects
to the nearly NeS-trending Yuedong fault at the western margin of
the SCS (Liu, 1998) and continues on to the Wanandong fault. The
third suggestion claims that this fault extends southeastwards to
the Zhongsha and Xisha blocks (He, 1987), but lacks both a speciﬁc
location and geological or geophysical evidence. Alternatively, Wan
et al. (2000) thought that the Red River fault zone extends south-
eastwards, passing through the Zhongsha and Xisha blocks,
continuing along Zhongjiannan fault to the southwest sub-basin,
connecting to the transform fault there, and afterwards entering
the Nansha region. At present, with increasing work in the SCS, the
ﬁrst suggestion of eastward extension for the Red River fault zone
Figure 6. Heat ﬂow contour map for the South China Sea.
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part by geophysical data but fails to address the Red River fault
relationship to the fault along the western margin of the SCS. Thus
the second suggestion is now accepted by the majority of scholars.
However, there are still problems when the second suggestion is
analyzed carefully. Based on the sea ﬂoor topography of the west-
ern SCS as well as the rocks outcropping in the Yuedong zone,
Ludwig et al. (1979) concluded initially, without the support of
seismic proﬁling, that there was a shear zone at thewestern edge of
the SCS. Later, Taylor and Hayes (1980, 1983) put forward an
expansion model for the SCS based on the analysis of the magnetic
anomaly stripes. They pointed out that the Indo-China margin is a
transform margin with a right-lateral strike-slip. Based on
geological and geophysical data (bathymetry, magnetism, gravity
and seismic proﬁling), Yao et al. (1999) noted that the continental
slope of the SCS is very gentle in the west but steep in the east
where it is showing dense step-shaped throws and highly con-
trasted landforms. Further, the water depth changes dramaticallyeastwards from 200 to 2000 m and the crust thins eastwards down
to a thickness of only 6.13 km on eastern side, and the Moho depth
decreases from 36 km on the western side down to 24 km on the
eastern side. From seismic proﬁles, the westernmargin of the SCS is
deﬁned by a strike-slip fault with its main plane dipping very
steeply eastward. Based on the structural styles of both sides, this
fault should be a right-lateral strike-slip fault that was active pri-
marily during theMiocene (23e5Ma). Therefore, from comparative
analysis of the extension direction, movement sense and activity
time, the fault at western margin of the SCS is not the extension of
the Red River fault after entering the sea, but rather it records some
other tectonic activity in the later stages. While this fault deﬁnes
the western boundary of the SCS, its tectonic contribution to the
formation of the SCS is not signiﬁcant. On the contrary, this
boundary fault now limits the expansion of southwest sub-basin to
the southwest.
Driven by left-lateral strike slip on the central fault zone of the
SCSwith the Xisha block on its west sidemoving southward, results
Figure 7. Aeromagnetic DT contour map of the South China Sea and surrounding areas.
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western marginal fault of the SCS. The fault motion led to obvious
subsidence on the eastern side of the SCS, narrowing the conti-
nental shelf and steepening the continental slope. The sedimentary
strata of the Zhongjiannan basin in this region are composed of the
upper Oligoceneemiddle Miocene B sequence and late Mioce-
neeQuaternary A sequence (Yao et al., 1999). Due to the effect of the
NWeSE trending expansion of the southwest sub-basin, the main
mountain trends of the Penxi oceanic ridge, the largest one on the
north margin of the western SCS, are to the NE in the west, and to
the NE and EeW in the east, respectively. These trends also reﬂect
that the NWeSE directed expansion of the southwest sub-basin
was much stronger than the NeS directed expansion of the cen-
tral basin.
To summarize the tectonic evolution of the SCS, the central
basin started its NeS expansion ﬁrst (Fig. 8a). This expansion led to
formation of oceanic crust with EeW oriented magnetic anomaly
stripes in the central basin, as well as distributed extension and
thinning of the continental crust to the west. Next, affected by the
left-lateral strike slip on the NNW-trending central fault zone of the
SCS from what was the southeastward extension of the Red River
fault zone, the central fault zone acted as the center for NWeSE
expansion on both sides of the central fault zone, resulting in the
formation of EeW-trending magnetic anomaly stripes. The south-
west sub-basin was then formed by the southwestward expansion
of the fault zone. The spreading ridge continued to extend to the
southwest, leaving now a relatively large-scale hot spot. Expansion
on the eastside of the fault zone pushed the existing EeW-trending
magnetic anomaly stripes on the both sides moving them in a
NWeSE direction and severely breaking up the integrity of the
formed stripes (Fig. 8b). The limited extent of the east-side
expansion allowed the initial older EeW-trending magneticanomaly stripes on the basin’s south and north sides to remain
intact. Therefore, the expansion of the southwest sub-basin is later
than most of the expansion in the central basin. Nevertheless,
expansion in both the basin and sub-basin terminated at the same
time.
This model emphasizes that the southwest sub-basin in the SCS
resulted from the left-lateral strike slip on the central fault in this
region, which is very similar to the formation of the Japanese Sea as
suggested in the latest literature (Jolivet and Tamaki, 1994). The
study of magnetic anomalies in the Japanese Sea indicates that the
Japanese Sea expanded from east towest, i.e. earlier in the east with
larger expansion distance, which is basically consistent with the
sea’s triangular shape (Fig. 9). Geophysical data such as magnetic
anomalies and geothermic values, along with the results of oceanic
drilling, indicate that the expansion of the Japanese Sea occurred
during the early to middle Miocene (25e12 Ma), and that its origin
was associated with strike-slip motion on a major 2000 km-long
NeS fault to the east.9. Conclusions
The early stage of NeS expansion in the central basin of the SCS
resulted in EeW-trending magnetic anomaly stripes. In the late
stage, together with the southwest sub-basin, the central basin
experienced NWeSE directed expansion that produced NE-
trending magnetic anomaly stripes. Both expansion directions
ceased at about the same time. The NE-trending magnetic anomaly
stripes formed in the late stage, disrupting and overprinting the
EeW-trending magnetic anomaly stripes of the early stage.
Meanwhile, the expansion squeezed the north and south sides of
the magnetic anomaly stripes and made the seamounts move to
north and south. The farther from the locus of expansion in the
Figure 8. Expansion model for the South China Sea basin. (a) NeS expansion of the central basin in the early stage. (b) NWeSE expansion of the southwest basin in the late stage,
extending into the central basin.
X. Yu et al. / Geoscience Frontiers 8 (2017) 151e162 161central region, the less disrupted or more complete the EeW-
trending magnetic anomaly strips remained.
The NeS-trending expansion of the central basin resulted in
severe thinning of the continental crust on the west side of the SCS.
In the late stage, affected by a sinistral strike-slip on the central
fault zone in the SCS, the southwest sub-basin experienced
NWeSE-trending expansion. The greatest expansion is near the
fault zone with amount of expansion gradually dying out towardFigure 9. Expansion model for the Japan Sea.the SW and NE directions on both sides. This requires that the
expansion mechanism of the southwest sub-basin be completely
different from that of the central basin, but similar to that for the
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